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Efficiency of the Coagulation-Flocculation Method for the Treatment of Dye Mixtures Containing Disperse and Reactive Dye
Pei Wen Wong, Tjoon Tow Teng * and Nik Abdul Rahman Nik Norulaini (Perkowski and Kos 2002; Papic´et al. 2004) . The main advantage of the coagulation-flocculation method is that the decolourization of the textile wastewater that can be achieved through removal of dye molecules from the dyebath effluents, and not by partial decomposition of dyes, which could produce potentially harmful and toxic aromatic compounds (Golob et al. 2005) . The efficiency of the coagulation-flocculation method depends on the raw wastewater characteristics, pH and temperature of the solution, the type and dosage of coagulants, and the intensity and duration of mixing (Rossini et al. 1999; Radoiu et al. 2004) .
Many studies have investigated the treatment of effluents containing a single dye or a mixture of the same class of dyes, but the treatment of mixtures containing different classes of dyes has not been adequately addressed. The present study investigates the effectiveness of coagulationflocculation as a treatment method for a disperse dye, a reactive dye and their aqueous mixtures, in terms of colour removal and COD reduction. The effects of solution pH and the type and dosage of coagulant on colour removal and COD reduction are studied. The effect of the addition of coagulant aid on floc settling time is also investigated.
(DD); and Cibacron Yellow FN-2R, a reactive dye (RD). They were manufactured by Ciba-Geigy (Ciba Specialty Chemicals Inc., Basel, Switzerland) in a stable powder form.
Aluminium sulfate or alum [Al (SO ) .14H O], polyaluminium chloride or PACl [Al (OH) Cl ] and magnesium chloride (MgCl .6H O) were applied as coagulants using a stock solution with a concentration of 100 mg/L. Industrial grade alum in powder form was used, and had a molecular weight of 594.4 g/mol. Analytical grade PACl, 30% in powder form, was supplied by T.C. Chem Technology (Kulim, Kedah, Malaysia). Analytical grade MgCl was supplied by Fluka Biochemika, and had a molecular weight of 203.3 g/mol. Koaret PA 3230, a commercial grade anionic polyacrylamide, was obtained from Gulini Chemie in a stock solution with concentration of 0.1 g/L and used as a coagulant aid. Sodium hydroxide (NaOH) with a purity of 99% and sulfuric acid (H SO ) with a purity of 95 to 97%, supplied by Merck KGaA (Darmstadt, Germany), were used for pH adjustment. Distilled water was used to prepare all of the solutions in this study.
The coagulation-flocculation studies were carried out using the jar test method to determine the optimum pH range and coagulant and coagulant aid dosages. The Coagulation Committee of the American Water Work Association (AWWA) found that the correlation of jar test data and plant operation data is generally satisfactory for primary coagulants, such as alum and ferric chloride (Stephenson and Duff 1996) . Six beakers, each containing 150 mL of the dye solution, were prepared. NaOH (1.0 M) or H SO (0.1 M) was added to each beaker for pH adjustment. The solutions were stirred for one minute at 60 to 65 rpm. Initial pH (i.e., pH before coagulation) for each beaker was measured by Cyber Scan 510 pH meter (Eutech Instruments, Singapore) and recorded. After adding the desired amount of coagulant (100 to 8000 mg/L), the solutions were rapid mixed at 60 to 65 rpm for three minutes. Coagulant aid was then added (0 to 3.333 mg/L), followed by slow mixing at 10 rpm for one minute. The flocs that formed were allowed to settle, and the settling time (i.e., the time needed for the flocs to reach half of the dye solution depth) was recorded for each beaker. After 30 minutes of settling, the solutions containing flocs were filtered through Whatman No. 4 filter papers with a pore size of 20 to 25 m. The supernatants were collected for Chemicals Jar Tests The colour of the samples was measured according to the APHA recommended Platinum-Cobalt (PtCo) Standard Methods (HACH 1992) , where one colour unit is equal to 1 mg/L of platinum as a chloroplatinum ion. The traditional method of applying the maximum absorbance was not utilized because it was difficult to select the right wavelength to measure concentration of the mixture of different types of dyes. The COD of the samples was determined according to the dichromate digestion method approved by United Stated Environmental Protection Agency (U.S. EPA) for reporting wastewater analysis (HACH 1992) .
Industrial textile wastewaters were collected from a textile manufacturing company situated in Northern Malaysia. The wastewater samples were collected from the equalization pond, which received effluents from all processing units of the factory; the samples were mixtures of exhausted dye solutions, processing water, rinsing water, cooling water, etc. The wastewater samples were collected in plastic bottles and sent directly to the laboratory to be refrigerated at 4°C. pH of the wastewater samples was measured in situ, whereas the samples for analysis of colour, COD and SS were preserved according to the Standard Methods (APHA 1992).
The decolourization efficiency for all dye solutions is greatly influenced by pH of the solution. Each coagulant is only effective in decolourization within a specific pH range. By varying the solution pH at a constant coagulant dosage and plotting the percentage of colour removal versus the final pH of each solution, the optimum pH ranges were determined. As illustrated in Table 2 , alum, PACl and MgCl have different optimum pH ranges. The results for optimal pH ranges for dye removal when using alum and PACl are similar to those of Uddin et al. (2003) , whose work showed that both alum and PACl performed optimally in the pH range of 4.0 to 6.0. In 
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Use of Coagulation-Flocculation to Treat Dye Mixtures this study, alum and PACl perform well in a lower pH range (pH 3.8 to 5.2), whereas MgCl coagulates effectively in a higher pH range (pH 10.4 to 10.9). This is in agreement with Tan et al. (2000) and Ooi et al. (2005) , whose research shows that the optimum pH ranges for alum and MgCl treatments are pH 4.0 to 6.0 and pH 10.5 to 11.0, respectively.
In the acidic region, Al starts to hydrolyze and forms monomeric Al hydrolyzed species. Hence, soluble cations such as Al , Al(OH) and Al(OH) are predominant in the solution. They play an important role in destabilizing the negatively charged dye particles via charge neutralization. At around neutral pH, Al(III) has limited solubility because of the precipitation of amorphous hydroxide, which leads to the possibility of sweep flocculation as impurities (i.e., dye particles) enmesh in the growing precipitates and are effectively removed (Stephenson and Duff 1996; Aguilar et al. 2005) . According to Tan et al. (2000) and Ozkan and Yekeler (2004) , Mg ions are not effective in the acidic pH range and no colour removal occurs below pH 9.0. This is probably due to the strongly hydrated free Mg ions that predominate in the neutral pH range, and the decrease in concentration of these species as pH and the concentration of the hydrolyzed species of Mg increase. Magnesium ions in the Mg(OH) form reduce the negative charges on dye particles and eventually reverse the negative charge to positive as Mg(OH) precipitates on the dye particle surface. Therefore, the percentage of colour removal increases as pH increases from 9.0 to 11.0 and the most effective coagulation-flocculation process can be achieved in the pH range of 10.5 to 11.0. The percentage of colour removal decreases as the pH increases beyond pH 11.0. The lowering of the coagulation efficiency beyond pH 11.0 could be due to an increase in the strength of repulsive forces between the positively charged dye particles covered with magnesium hydroxide (Ozkan and Yekeler 2004) . Table 2 shows that the optimum pH range of the PACl treatment is broader than that of the alum treatment. This is in agreement with the result of Aguilar et al. (2005) . Therefore, the PACl treatment is less sensitive to pH compared to the alum treatment. This is due to the pre 2+ + 2 -polymerized species that are partially hydrolyzed and already present in the PACl solution. Hence, the PACl treatment is relatively less sensitive to pH (Aguilar et al. 2005) . Table 2 also shows that different ratios of disperse dye to reactive dye in the mixed dye solutions do not have any influence on the optimum pH range for any of the three coagulants studied.
To investigate the efficiency of the coagulation-flocculation method for treating different classes of dyes, Terasil Blue BGE-01 200% and Cibacron Yellow FN-2R were used to prepare the synthetic disperse dye and reactive dye wastewaters at a concentration of 1.0 g/L. The effectiveness of alum, PACl and MgCl as coagulants in the removal of colour and COD from disperse dye solution is shown in Fig.  1 . All three coagulants provided a high colour removal efficiency. PACl was the most effective coagulant for decolourizing disperse dye compared to alum and MgCl . PACl's effectiveness is due to its charge neutralization, as it contains stable preformed Al species that give it a higher charge density (McCurdy et al. 2004) . More than 99% of colour can be removed from the disperse dye solution. This result is in agreement with the work of Kim et al. (2004) and Kuo (1992) , who demonstrated that the coagulation-flocculation method was very effective for the decolourization of disperse dyes.
The coagulation-flocculation method produced similar results for COD reduction as for colour removal (Fig. 1) . The final COD concentration in the disperse dye solution treated by MgCl was 197 mg/L, which is higher than Malaysia's standard discharge limit (100 mg/L) established by the Environmental Quality Act (1974) . Further increases in MgCl dosage did not significantly improve the percentage of COD reduction. In contrast, only 95 and 88 mg/L of COD remained in the disperse dye solutions after being treated with 200 mg/L alum and 150 mg/L PACl, respectively. The COD reduction rate increased slower than the colour removal rate did with increasing coagulant dosage. According to Lin and Chen (1997) , oxidation of organic compounds, which can be represented as COD reduction rate, is not as rapid a process as decolourization is.
The efficiencies of different types of coagulant in colour removal and COD reduction of reactive dye solutions are shown in Fig. 2 . PACl exhibits the best coagulating effects among the three coagulants studied. Alum treatment is the next most effective at lower coagulant dosages ( 2000 mg/L). At higher coagulant doses ( 3000 mg/L), however, MgCl is more effective than alum-removing >99% of colour from the reactive dye with 5000 mg/L of MgCl compared to 78.5% colour removal with 6000 mg/L of alum. Maximum colour removal can be achieved with a smaller quantity of PACl than MgCl or alum. A 1000 mg/L dosage of PACl can remove 99.9% of the colour of reactive dye, whereas only 53.4% and 39.6% of colour removal can be achieved by alum and MgCl , respectively, with the same coagulant dosage.
For the reactive dye solution, the percentage of colour removed by alum in optimum conditions increased as the dosage was increased from 1000 to 6000 mg/L, achieving a maximum of 78.5% removal (Fig. 2) . However, the percentage of colour removal decreased with an additional dosage increase to 7000 mg/L. This may be due to the restabilization of the dye particles by excess alum hydrolysis species (Stephenson and Duff 1996) .
Only the PACl treatment met the COD discharge standard limit, with 82 mg/L of residual COD remaining in the treated reactive dye solution. 105 mg/L and 173 mg/L of residual COD remained in the treated reactive dye solutions after MgCl and alum treatments in optimal conditions, respectively. Similar to the disperse dye treatment, the COD reduction rate also increased slower than the colour removal rate as the coagulant dosage increased.
Figures 1 and 2 clearly show that the coagulant dosage needed to achieve maximum colour removal and COD reduction for all samples is lower for the disperse dye than for the reactive dye. The exact mechanism behind these differences is unclear. Kim et al. (2004) reported that the coagulation efficiency in dye removal depends on the solubility of the dyes, which greatly affects the removal mechanism. Disperse dyes with low solubility can be easily adsorbed and flocculated, whereas reactive dyes are not easily adsorbed due to their high solubility. Different chemical structures of dyes affect their solubility. The chemical structures mostly found among the disperse dyes contain anthraquinone and sulfide, which have many -C=O, -NHand aromatic groups that tend to be adsorbed on particles and have high COD loadings.
The COD content in a reactive dye solution is more difficult to reduce than that of a disperse dye solution, even though its value is relatively lower. This is shown by the higher percentage of COD reduction achieved by alum, PACl and MgCl in the disperse dye treatments compared to those 
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of reactive dye treatments. Kim et al. (2004) explained that the total COD loadings of disperse dyes are much higher than those of reactive dyes, but the soluble COD loadings of disperse dyes are significantly lower than those of reactive dyes. The insoluble components of disperse dye solutions are well flocculated and settled by the coagulation-flocculation method, while reactive dyes are not easily flocculated so the flocs formed do not settle well. This indicates the possibility of effective coagulation being higher for disperse dye solutions than for reactive dye solutions. This is in agreement with Kuo (1992) , who found that the coagulationflocculation method decolourized insoluble dyes (e.g., disperse dyes) effectively but decolourized soluble dyes (e.g., reactive dyes) poorly.
Mixtures of dyes better simulate real textile effluent than single dye solutions do. Therefore, the efficiency of removing colour and reducing COD using the coagulation-flocculation method was investigated using mixtures of disperse and reactive dyes. Five combinations of mixed dye solutions were prepared with different ratios of disperse dye (Terasil Blue BGE-01 200%) to reactive dye (Cibacron Yellow FN-2R), with the final concentration of 1.0 g/L ( Table 1) .
The effects that alum, PACl and MgCl dosages had on colour removal efficiency when treating solutions of disperse and reactive dye solutions are illustrated in Figs. 3 to 5. In general, the percentage colour removal increased with increased coagulant dosage. However, for the mixed dye solutions, the decolourization efficiency decreased as the ratio of reactive dye in the mixed dye solution increased. Figure 3 shows that alum decolourized disperse dye effectively but that it was not an effective coagulant for reactive dye. Figure 4 indicates that >99% of colour removal was achieved in all the dye solutions using PACl as a coagulant. However, a higher dosage of PACl was needed to remove >99% of colour when the reactive dye ratio in the mixed dye solutions was increased. The MgCl treatment behaved differently than the alum and PACl treatments; the increase of the reactive dye ratio in the mixed dye solutions did not have a significant influence on the optimum MgCl dosage required to obtain >99% of colour removal (Fig. 5) .
The optimum dosages of alum, PACl and MgCl for removing colour and reducing COD from solutions of disperse and reactive dyes are shown in Table 2 . The optimum dosage for each coagulant is the lowest dosage that exhibits >99% of colour removal among the coagulant dosages studied (Table 2 ). However, >99% of colour removal could not be achieved by the alum treatment for either the individual reactive dye solutions or the mixed dye solutions when the portion of reactive dye in the mixture was 75%. Therefore, the optimum alum dosages are those that exhibit the maximum percentage of colour removal that could be achieved. Table 2 clearly shows that PACl was more effective at treating all of the dye solutions using a smaller amount of PACl than the quantity of alum and MgCl required in order to achieve the same percentage colour removal. In the case of COD reduction, 90.6 to 96.3% of COD reduction was achieved in optimum conditions for all of the dye solutions using 150 to 1000 mg/L PACl-less than the dosages of alum and MgCl needed to reach the same treatment efficiency. Table 2 . Table 2 .
Treatment of Mixed Dye Solutions
Floc Settling Time
The addition of a coagulant aid favours aggregation of the flocs formed by the coagulants, and such a process is needed to increase floc density, and consequently, to increase significantly the flocs settling velocity. The settling velocity of flocs is an important aspect of the coagulation-flocculation process, since it impacts operational cost and the treatment efficiency (Aguilar et al. 2005) . According to Ozkan and Yekeler (2004) , the flocculation process occurs due to adsorption of the anionic coagulant aid on two or more of the positively charged surfaces via electrostatic bonding, and polymeric coagulant aids are more effective in aggregating destabilized suspensions by coagulation. Therefore, in this study, cationic coagulants were added before the addition of the anionic coagulant aid. Flocculation power is also found to increase with the coagulant aid concentration, which increases the floc settling rate.
The effect of an anionic coagulant aid, Koaret PA 3230, on floc settling time was investigated using individual and mixed solutions of disperse and reactive dyes. Previously established parameters for optimum coagulant dosage and pH range were used. The floc settling times of the dye solutions treated by alum, PACl and MgCl were studied by varying the coagulant aid dosage (from 0 to 3.333 mg/L) as shown in Figs. 6, 7 and 8, respectively. The floc settling times of dye solutions treated by alum and PACl decreased when the dosage of the coagulant aid increased from 0 to 2.000 mg/L (Figs. 6 and 7) . However, the floc settling time increased greatly when 2.667 mg/L of the coagulant aid was added. This result may be due to an overdose of coagulant aid, causing a repulsive force between the dye particles because of the excess accumulation of negative charges on the particle surface. This prevents aggregation of flocs and causes restabilization of the treated medium. The coagulated particles are suspended in solution and cannot be removed by gravity settling during the re-stabilization stage. However, the 2 aggregated and re-stabilized particles can still be removed by filtration. When the dosage of the coagulant aid was increased to 3.333 mg/L, the floc settling time decreased again. This is probably due to a different mechanism of flocculation occurring through inter-particle bridging with the anionic coagulant aids serving to produce larger and heavier flocs with high settling rates. The bridging of particles can happen between the coagulant aid and the suspended solid particles carrying the same sign charge (Bajza et al. 2004; Ozkan and Yekeler 2004) . Therefore, the bridging of particles occurs between stabilized particles with negative charges on their surface and the anionic coagulant aid, forming heavier flocs. This phenomenon did not occur in the dye solutions treated by MgCl (Fig. 8) . The floc settling times of dye solutions treated by MgCl decreased as the dosage of coagulant aid added increased from 0 to 3.333 mg/L.
The mixing process, and particularly the parameters of rapid mixing, has a great effect on the optimization of the coagulation-flocculation process. Rapid mixing results in a rapid dispersal of a coagulant in the wastewater, and is followed by an intense agitation to obtain homogeneous particle size distribution. This provides the optimum sweepflocs that are able to wrap primary particles and thereby remove suspended solids. With more intense agitation, smaller and inherently denser flocs are produced which could contribute to more effective and rapid sedimentation. After the initial rapid mixing, slow mixing was applied for one minute using a minimal intensity rate to suspend the particles without breaking flocs. A further increase in the duration of slow mixing could have given rise to micro-floc breakage in primary particles and could have slowed down floc growth during the flocculation process. However, there are no exact recommendations on how to establish the mixing power and the residence time required to effectively distribute coagulants in water (Tambo and Watanabe 1979; Rossini et al. 1999) . Table 2 .
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The floc settling times for dye solutions treated by alum were longer than those treated by PACl. This may be due to the presence of highly charged anions in alum, and due to sulfate ions, that can reduce the positive charge of the precipitates in the acidic region so that large flocs are formed over a wide pH range (Bajza et al. 2004) . McCurdy et al. (2004) also found that alum treatment produced larger coagulated floc aggregates compared to those produced by PACl treatment. The density of floc particles decreases with floc size (Tambo and Watanabe 1979) . Therefore, the densities of the alum flocs are low due to their large size and the floc settling time for alum flocs is longer compared to that of PACl flocs.The application of PACl as a coagulant has been shown to reduce sludge quantities, and therefore a shorter floc settling time is required by PACl treatment (Ozkan and Yekeler 2004) .
Figures 6, 7 and 8 show that the floc settling times increased as the ratio of reactive dye in the mixed dye solutions increased. This may be caused by the fact that disperse dyes coagulate and settle well, whereas reactive dyes coagulate by forming poor quality flocs and do not settle well (Kim et al. 2004) . In the latter case, small flocs are generated and take rather long times to settle.Thus, a longer floc settling time was needed as the ratio of the reactive dye in the mixed dye solutions increased. The low water solubility of disperse dye also facilitated precipitation. As discussed previously, the treatment of reactive dye solution required a much higher coagulant dosage than the disperse dye solution, and the floc settling time of the treated reactive dye solution was longer than that of the disperse dye solution. Tambo and Watanabe (1979) demonstrated that coagulant dosage greatly affects floc density, while coagulant aids do not influence floc density but instead strengthen floc structures and produce larger flocs. Figure 9 illustrates the efficiency with which the three coagulants can remove COD and colour from industrial textile wastewater samples. PACl was more effective in removing both the colour and COD content of the wastewater samples than MgCl and alum were. With 6000 mg/L of PACl, 97.9% colour removal and 88.4% COD reduction was achieved at pH 3.55. A 5000 mg/L dosage of MgCl was able to remove 93.6% of colour and 82.6% of COD at pH 10.21, whereas 91.8% of colour and 83.6% of COD removal was achieved by 6000 mg/L of alum at pH 3.48. Increased dosages of PACl and alum beyond the optimal dosages did not significantly improve colour removal and COD reduction.
A higher PACl dosage was required to achieve a satisfactory result compared to the dosage needed for the treatment of synthetic wastewater. This could be because industrial textile wastewater was a more complicated system, containing different components from the raw materials processing unit, in addition to those from the dyeing and finishing units (Perkowski and Kos 2002) . Furthermore, industrial textile wastewater contains a relatively higher concentration of electrolytes than synthetic dye solutions do, which may lead to different results (Netpradit et al. 2004) .
The treated industrial textile wastewater samples were not suitable for discharge into receiving waters, as the residual COD remained >100 mg/L and >99% of decolourization was not achieved by any of the three Table 2 . Fig. 7 . The effect of coagulant aid quantity on floc settling time for 1.0 g/L solutions with varying ratios of disperse and reactive dye when using PACl as a coagulant, with the pH as listed in Table 2. coagulants. These results indicate that further physical or biological treatment is needed for industrial textile wastewaters treated by using the coagulation-flocculation process.
The optimum pH ranges for alum, PACl and MgCl for treating single dye solutions containing a disperse or a reactive dye were 3.8 to 4.6, 3.9 to 5.2 and 10.4 to 10.9, respectively. The optimum dosages of these coagulants needed for treating reactive dye solutions were higher than those of disperse dye solutions. PACl was more effective than alum and MgCl ; a smaller quantity of PACl (150 to 1000 mg/L) was sufficient to remove >99% of colour and 90.6 to 96.3% of COD from the dye solutions under optimum conditions. For the mixed disperse and reactive dye solutions, the optimum coagulant dosage increased as the ratio of reactive dye in the mixed dye solutions increased. All of the three coagulants investigated effectively decolourized the disperse dye, but the decolourization efficiency decreased as the reactive dye ratio in the mixed dye solutions increased. When the amount of coagulant aid was increased, the floc settling times of dye solutions decreased. The floc settling time for the reactive dye solution was longer compared to that of the disperse dye solution. For the mixed dye solutions, the floc settling time increased as the ratio of reactive dye in the dye mixtures increased. In the treatment of industrial textile wastewater samples, PACl was more effective than MgCl or alum at removing both the colour and COD. The treated industrial textile wastewater was not suitable for discharge into receiving waters as the residual COD remained >100 mg/L and >99% of decolourization efficiency was not achieved by any of the three coagulants. Therefore, further physical or biological treatment is needed for industrial wastewater samples treated by the coagulation-flocculation process.
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